Abstract: Tipifarnib (R115777), an inhibitor of human protein farnesyltransferase (PFT), is shown to be a highly potent inhibitor of Trypanosoma cruzi growth (ED50 ) 4 nM). Surprisingly, this is due to the inhibition of cytochrome P450 sterol 14-demethylase (CYP51, EC 1.14.13.70). Homology models of the T. cruzi CYP51 were used for the prediction of the binding modes of the substrate lanosterol and of Tipifarnib, providing a basis for the design of derivatives with selectivity for TcCYP51 over human PFT.
Trypanosoma cruzi (T. cruzi) is the etiologic agent of Chagas disease, a chronic illness that frequently leads to fatal cardiomyopathy. An estimated 13 million people in Latin America are chronically infected with T. cruzi (www.who.int/tdr/dw/chagas 2003.htm), and, unfortunately, no safe and effective antiprotozoan drugs are available to cure them.
We have been interested in exploiting the T. cruzi protein farnesyltransferase (PFT) as a drug target, 1 since numerous PFT inhibitors exist as a result of programs to make anti-cancer drugs. 2 We found that the human PFT inhibitor, Tipifarnib (also known as R115777, Figure 1 ), has an IC 50 of ∼75 nM against the T. cruzi PFT enzyme. Unexpectedly, the concentration of Tipifarnib that caused 50% growth inhibition of T. cruzi amastigotes in culture was considerably lower (4 nM) . This suggested that a mechanism of action separate from inhibition of T. cruzi PFT was at play. Since we had previously observed that a variety of imidazolecontaining compounds had potent anti-T. cruzi activity by blocking the sterol 14-demethylase enzyme (Tc-CYP51), 3 we hypothesized that the imidazole containing compound, Tipifarnib, might be acting by a similar mechanism. In fact, this appeared to be the case as demonstrated by blockage of sterol biosynthesis in T. cruzi cells by this compound at the level of the sterol 14-demethylase activity (Figure 2) .
To elucidate the binding mode of Tipifarnib with the TcCYP51, Tipifarnib was docked into the binding site of two TcCYP51 homology models. Homology modeling was done with the program MODELLER, 4 version 6v2, based on the structures of CYP51 from Mycobacterium tuberculosis (MtCYP51) containing two different azole inhibitors 5 (PDB codes: 1E9X, 1EA1). The alignment of the TcCYP51 and MtCYP51 sequences for the structure prediction was taken from an alignment of 14 CYP51 sequences, as described elsewhere. 6 The overall sequence identity between Mt-and modeled TcCYP51 amounts to 29% (the predicted membrane spanning segment of TcCYP51 was not considered in the models), and 50% (18 out of 36) of the binding site residues are identical. Two different sets of five models each were calculated. The residues 95-102 (Mt numbers) were modeled on the basis of 1E9X in one set of models and on the basis of 1EA1 in a second set to account for the structural differences of the two template structures in the region of the BC-loop and the C-helix, which are located at the opening of the binding site to the solvent. From each set, the best model, according to the MOD-ELLER molecular objective function, was used for further work.
To validate the model, the substrate lanosterol was docked into the binding sites of the two homology models. The idea was that if the model was valid, a binding mode of lanosterol should be predicted showing the 14-methyl group in a location favorable for the heme-catalyzed oxidation reaction. Lanosterol was chosen because Phe78 of MtCYP51, a key residue for substrate specificity, is replaced by an isoleucine in TcCYP51, suggesting lanosterol as the substrate of TcCYP51. 7 Two different random starting orientations of lanosterol were used for the docking searches by manually placing the molecule into the binding site cavity. Then MCDOCK of the FLO/QXP program suite, 8 version 0602, was used to extensively search for the overall best binding geometry (10 000 cycles of Metropolis Monte Carlo search for each starting orientation) in the 1E9X-as well as the 1EA1-based homology model of TcCYP51. Precautions had to be taken to account for the uncertainty of the model coordinates in the BC-loop/ C-helix regions resulting from the structural flexibility of this region of the protein. 5 For this purpose, the side chain conformations of selected residues of this loop were considered flexible during the docking calculations: These were Met123 Without any restraints directing the search, 13 out of the 50 best predicted placements (25 per binding site model) show the 14-methyl group within a distance to the heme iron atom that is considered to be productive with respect to the oxidation of this group, i.e., within the range from 4.2 to 5.5 Å. 9 The binding mode of lanosterol in these 13 productive placements is basically identicalsthe rmsd of the two most different geometries amounts to 1.5 Å. This binding mode was the only one found in a separate docking search when a restraint was applied to keep the distance between the iron atom and the 14-methyl close to 4.85 Å (i.e. the mean of the limits of the productive distance). This binding geometry shows high similarity with that of estriol in MtCYP51 that has been published during our investigations 7 ( Figure 3 10 and for the CYP51 from Candida albicans 9,11 as well as Aspergillus fumigatus. 11 In case of C. albicans the hydroxyl group was reported to form a hydrogen bond to the side chain of a Ser rather than backbone groups. 9 However, the agreement between the experimentally determined binding mode of estriol, that is believed to reflect the substrate binding mode in MtCYP51, 7 with the predicted binding mode of lanosterol in TcCYP51 supports the suitability of our model of TcCYP51 for structure-based drug design.
To determine the binding mode of Tipifarnib in TbCYP51, the protocol that was successfully used for the docking of lanosterol was applied to dock the inhibitor into the binding sites of both homology models. We assumed that the imidazole group binds to the heme iron atom. The imidazole nitrogen was therefore placed at the location occupied by the iron-bound nitrogen of fluconazole in 1EA1 5 and tethered to the iron atom by the assignment of a distance restraint prior to the docking calculations. For both models of TcCYP51, the same binding geometry of Tipifarnib was predicted. The comparison with the binding mode of fluconazole (FLU) reveals several similarities (Figure 4) : The aromatic ring of the quinolinone ring system that is directly attached to the chiral carbon atom of Tipifarnib, and the difluorophenyl of FLU, occupy the same region of the sterol binding pocket. Both the p-Cl-phenyl ring of Tipifarnib and the triazole of FLU that is not bound to the heme iron atom point to the hydrophilic pocket where the sterol hydroxyl group binds. However, in both cases this pocket remains largely unoccupied. Most notably, the hydroxyl group of FLU and the amino function of Tipifarnib are found at identical locations within the active site. In the crystal structure with FLU, In TcCYP51, Gln72, and Phe78 are replaced by Pro99 and Ile105, respectively, which significantly enlarges the binding site in these regions. As pointed out by Podust et al., 7 the presence of the large Phe78 side chain seems to lead to preferred processing of obtusifoliol, which carries only one methyl group at position 4 of the sterol ring system, as opposed to 4R,4 -dimethylated sterols such as lanosterol ( Figure 3) . The recent finding 12 that the CYP51 of Trypanosoma brucei is obtusifosiol-specific is in agreement with this role of Phe78.
The binding mode was inspected in order to identify portions of the inhibitor that are suitable for structural modifications in the course of the lead optimization process. From clinical trials with Tipifarnib as anticancer drug, for example as described in ref 13 , it can be concluded that side effects might be a liability for this compound. The adverse effects presumably result from the persistent inhibition of the target enzyme, human protein-farnesyltransferase (PFT), during the treatment. We therefore decided to pursue a strategy for the optimization of Tipifarnib as agent against Chagas disease that minimizes its potency as PFT inhibitor. The comparison of the X-ray structure of mammalian PFT: Tipifarnib complex 14 with the binding mode in TcCYP51 allows for the rational design of new derivatives for this purpose. In the template structures for the homology modeling, parts of the BC-loop and the C-helix are poorly defined. 7 To make reliable predictions, it is appropriate to focus first on those parts of the inhibitor which contact well defined and structurally conserved regions of the binding site. This is in particular the case for the p-Cl-phenyl ring pointing to the binding pocket of the sterol hydroxyl-group. The structure of PFT with Tipifarnib strongly suggests that large substituents in the meta-or para-position of this ring will be detrimental to potency vs PFT. The binding mode in TcCYP51 on the other hand suggests that such substituents can be used to fill the pocket occupied by the A-ring of the sterol substrate which is not filled by Tipifarnib. Currently, derivatives of Tipifarnib with modifications targeting this pocket are being synthesized.
Upon the basis of good agreement of the predicted lanosterol binding mode with the binding geometry of estriol in MtCYP51 and the unambiguity of the calculated Tipifarnib binding mode in TcCYP51, we expect our model to be a firm basis for structure-based design of Tipifarnib derivatives. This, together with its excellent pharmacokinetic properties, 15, 16 including little or no binding to mammalian hepatic cytochrome P450s and sterol biosynthetic enzymes, 17 and its high potency versus T. cruzi cells, make Tipifarnib a highly promising lead compound for the development of new drugs against Chagas disease.
